Spin-Guide: A New Source of High Spin-Polarized Current 
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We propose a "spin-guide" source for generation of electric currents with a high degree of spin 
polarization, allowing long-distance transmission of the spin-polarization. In the spin-guide scheme 
proposed here, a non-magnetic conducting channel is wrapped by a magnetic shell which prefer- 
entially transmits electrons with a particular spin polarization. It is shown that this method is 
significantly more effective then the spin-filter-like scheme where the current fiows perpendicular to 
the interface between a ferromagnetic metal to a non-magnetic conducting material. Under certain 
conditions a spin- guide may generate an almost perfectly spin-polarized current, even when the 
magnetic material used is not fully polarized. The spin-guide is predicted to allow the transport 
of spin polarization over long distances which may exceed significantly the spin-flip length in the 
channel. In addition, it readily permits detection and control of the spin-polarization of the current. 
The spin-guide may be employed for spin-fiow manipulations in semiconductors used in spintronic 
devices. 

PACS numbers: 72.25.Hg, 72.25Mk, 73.40.Sx, 73.61. Ga 
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I. INTRODUCTION 

Recently there has been a growing interest in "spin- 
tronic" devicesi^, where the spin degree of freedom is 
utilized for data manipulations, rather then just the elec- 
tronic charge as in customary devices. This is due to the 
obvious advantages of integrating a magnetic data stor- 
age device with an electronic readout, as well as due to 
the promising prospects for applications of spin-polarized 
currents in quantum computing. The main technical 
requirements for the development of spintronic devices, 
pertain to: (i) high efficiency spin injection into a semi- 
conductor, and (ii) long-distance propagation of the spin 
signal. Currently, some of the major issues concern- 
ing the fabrication of spintronic devices center on the 
generation of stationary spin-polarized currents in non- 
magnetic semiconductors. 

Some of the methods for the generation of station- 
ary spin polarization are based on spin injection through 
the interface between a ferromagnetic metal to a non- 
magnetic conducting material; we will refer to this idea 
as the "spin-filter" scheme^. In the diffusive transport 
regime, the spin-filter scheme has been shown initially 
to be associated with a very small degree of spin po- 
larization (of the order of a few percent^i^*S*i). There 
are two main reasons for this inefficiencj*2iS: (i) the spin 
relaxation time is much smaller in a ferromagnetic ma- 
terial than in a non-magnetic one, and (ii) the conduc- 
tivity of the ferromagnetic metal injector is much higher 
than the conductivity of the semiconductors which are 
usually used as non-magnetic materials. In effect, the 
nonequilibrium electrons that are injected from the fer- 
romagnet, undergo a Brownian motion. Consequently, 
prior to reaching the detector (collector) these electrons 
return back into the ferromagnet repeatedly (or they un- 
dergo a spin- flip in the semiconductor) . Because of the 



high frequency of spin-flip processes the probability to 
lose the spin is high in the magnetic material. Further- 
more, due to the aforementioned conductivity mismatch 
between the ferromagnetic and nonmagnetic materials, 
the electrons will spend most of the time in the ferro- 
magnetic material, and this will increase the probability 
to lose the excess spin orientation. Consequently, the 
spin polarization of the current in the semiconductor is 
expected to be extremely low. 

There are number of additional essential limitations 
inherent to the spin-filter scheme. First, the spin po- 
larization of the injected current can not exceed the spin 
polarization of the current in the magnetic material (serv- 
ing as an injector). Secondly, the distance over which a 
significant degree of spin polarization may be maintained 
in a non-magnetic material, can not exceed the diffusion 
spin-flip length in it. In addition, we note that it is prac- 
tically impossible to vary the spin polarization of the in- 
jected current, and additional methods are required in 
order to detect and /or measure the degree of spin po- 
larization (such as the use of a light emitting diode^° or 
the oblique Hanle effect technique^). 

Recently, the spin-injection efficiency has been 
markedly increasediiii^; indeed, by replacing the fer- 
romagnetic metal by a diluted magnetic semiconductor 
(DMS), Be^Mnj^Zni_2,_ySe, a record degree of polariza- 
tion (up to 90%) has been achievedii. This remarkable 
result originates from specific properties of the DMS. In 
particular, because of the very large split of the spin sub- 
bands in a magnetic field, these compounds may have 
a sufficiently high degree of spin polarization. Conse- 
quently, if the Fermi level in the DMS appears below the 
bottom of one of the spin subbands, the spin-polarization 
may reach 100%. However, the use of a DMS instead 
of a ferromagnetic metal, as well as a number of other 
ways suggested recentljii^ii^, overcomes only one of the 
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FIG. 1: Cross-sectional view of the spin-guide scheme, w 
is the width of the non-magnetic channel (N), and d is the 
distance between the grounded magnetic (M) contacts. 

above mentioned limitations, i.e., they address only the 
enhancement of the spin-polarization of the injected cur- 
rent. 

In this paper we propose a new method for genera- 
tion and transport of high spin-polarized currents. We 
term the proposed method a "spin-guide" scheme. The 
spin-guide is based on a new interface configuration^^ 
which allows one to alleviate the aforementioned intrin- 
sic limitations associated with spin-filter schemes. Under 
certain conditions a spin-guide may generate an almost 
perfect (100%) spin-polarized current even when a mag- 
net with a relatively low degree of spin polarization is 
used. Moreover, in the spin-guide scheme spin polariza- 
tion may be transmitted over large distances that exceeds 
significantly the spin-flip length in non-magnetic materi- 
als. Finally, spin- guides allow easy detection and control 
of the spin polarization and, as discussed below, they may 
form the basis for creating fast spin-polarization switches. 



II. BASIC IDEA AND APPROACH 

A "spin-guide" is a system consisting of a non- 
magnetic conducting channel (wire or strip) wrapped 
around by a grounded magnetic shell (see Fig. 0). Un- 
like the spin-filter, electric current flows here along the 
interface, instead of being normal to it. The main idea is 
that nonequilibrium electrons with a particular spin po- 
larization (e.g., which coincides with the magnetization 
axis) leave preferentially the non-magnetic channel to the 
magnetic material. The return of these electrons into the 
channel is prohibited because the outside magnetic shell 
boundaries are grounded. Consequently, a permanent 
outflow of nonequilibrium electrons with a definite spin 
polarization is obtained, and an excess of nonequilibrium 
electrons of the other spin polarization appears in the 
channel. Note, that the spin polarization of the current 
in the channel is opposite to the spin polarization of the 
current flowing in the surrounding magnetic shell, in con- 
trast to the spin-fllter geometry. 



For the sake of specificity, let us consider a flat con- 
figuration where the interface is a planar plate; the ex- 
tension to the three-dimensional case (cylindrical wire) 
is straightforward. We will consider the diffusive trans- 
port regime, where the diffusion length (where 
are the electron-impurity mean-free paths for the spin- 
up and spin-down electrons, correspondingly) are signifi- 
cantly shorter than any characteristic length of the spin- 
guide. In this paper the effects of electron-electron colli- 
sions are neglected - this is a fortiori valid at sufficiently 
low temperatures (i.e., several degrees Kelvin). 

Let denote the electrochemical potentials for the 
spin-up and spin-down electrons, respectively. The elec- 
tric current densities J|,x are related to the electrochem- 
ical potentials via Ohm's law 

■/u = -^VMTa, (1) 

where cr|.| are the corresponding conductivities. The 
spin transport, within the diffusive regime approxima- 
tion, is described by Mott's equations: 

(2) 



Here Tli^i are the densities of states at the Fermi 
level of the up and down spins, and Tsf is the spin- 
flip scattering time. Eqs.Q hold under the assump- 
tion that the spin-flip mean free-paths lsf\,i= "'^ftj'T's/ 
(where fFT,i &re the Fermi velocities of the spin- up and 
spin-down electrons) exceed significantly the diffusion 
lengths /|^|, i.e. >> l-^^i; otherwise, the problem 

should be studied within the kinetic equation approach. 
A typical lengthscale on which the equilibrium between 
the spin subsystems is established is the diffusive length 
A = ((ToT-sz/e^IIo)^/^, where a^^ = a^^ + crj^\ 

Note that we can find the currents in the spin-guide 
without separation of the electrochemical potential into 
the chemical (rj) and electrical (1^9) potential contribu- 
tions, i.e., — rji^i + eip. These potentials can be easy 
obtained from the solution for when the screening 
radius is much shorter than the size of the spin-guide 
(which is the case in reality). Then, from the condition 
of electric neutrality, H^rj-^ +Ilir]i — 0, we have 

m,i = ni,T(A<Ta-Mi,T)/n, 
n = nt + nx. 

The above equations should be supplemented by the 
imposed boundary conditions. Let the a;-axis be directed 
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along the channel and lie in it's middle, and take the z- 
axis to be perpendicular to the interfacial planes, with the 
origin of the coordinate system located in the center of 
the entrance into the channel (see Fig.^. The grounding 
of the outside boundaries is equivalent to the condition 
— 0. Taking into account the condition of electric 
neutrality, we obtain r\^^i = (/j = 0. It would appear rea- 
sonable to take the same potentials at the channel exit. 
(An excess of exit potential over the grounded bound- 
aries is equivalent to an inefficient removal of energy into 
the ground.) 

Let an unpolarized current I be driven through the 
channel entrance. We find that the spin-up and spin- 
down current densities may be expressed as J|,x = 
—e~^(jNd^]^l/dx — I/2w. As we show below, at the 
level of accuracy to which we restrict ourselves in this 
paper, the result is insensitive to the type of boundary 
conditions that arc imposed at the end faces of the mag- 
netic shell (grounding, or absence of current). We also 
assume that the conductivity in the non-magnetic chan- 
nel tT^v is spin independent, and that the conductivity in 
each region is constant. 

For the spin-guide model described above, the diffu- 
sion equation can be solved exactly. Instead of quot- 
ing here the general solution (which is rather compli- 
cated) it is sufRcient for our purpose to focus attention 
on the solutions that hold far way from the ends of the 
spin-guide. We also assume that the length of the non- 
magnetic channel, L, is much larger then the width of 
the spin-guide, i.e. L 3> d, and solve Eqs.Q through a 
separation of variables, by introducing the new functions 
M+ = (cttMT +'^iMi)/(o-T + o-i) and ^_ = - /ij^. 

Due to the symmetry of the system and the boundary 
conditions at z = ±c^/2, we obtain the following solution 

/^± = e-'V±(^), (3) 
where the functions f± are given by: 

^ _ J C cos{knz), \z\ < w/2, 

" \D sin{KM{d/2 - z)), \z\ > w/2, 

. (4) 
_ \ A cos{kz), \z\ < w/2, ^ ' 

~ \ B sin{k{d/2 - z)), \z\ > w/2, 

and 



where Xm,n is the diffusion length in the magnetic (M) 
and non-magnetic (N) regions, respectively. Matching 
the functions /i|_|and the current (i.e. the derivatives 
ai^ld^1^l/dz) at z = ±w/2, we can determine the values 
of the coefficients A,B,C and D (in terms of the value of 
one of them), as well as find the possible values of the 
damping factor k. To exponential accuracy, it is sufficient 



to consider only the solution with the smallest value of 
k. The physical meaning of k~^ is quite obvious: it is the 
distance in the x-direction which an electron will traverse 
diffusively before it will reach the grounded contact. 

In general the solutions given by Eqs.(|3|) arc not appli- 
cable at distances from the channel ends which are less 
than k~^. But, under the assumption that L >> k~^, 
and to the accuracy of our analysis, we may use these 
solutions even near the channel exit. As shown below 
this amounts to a neglect of a preexponential factor in 
the expression for the current spin polarization. 

Before closing this section, let us consider another type 
of solution which is valid for distances from the entrance 
where spin-flip processes have not yet occurred. In the 
absence of spin-flip Eqs.Q for fi-^ and fii become in- 
dependent and a separation of variables can be accom- 
plished separately for each potential. Thus, we have 

with 

fhl = -4T,iCos(fc|,|z) at \z\ < w/2, 

(5b) 

/t,X = B|,|sm(/c|,x(d/2-z)) at \z\>w/2. 

From the matching conditions at z = ±w/2 the follow- 
ing transcendental equations are obtained for the damp- 
ing factors 

tan^k-^ ,iw /2)tan{k'^ ,l{d — w)/2)) = aM^,i/o'N- (6) 

In the next section we use the above solutions Eqs. 
Q -(jSJ) in the analysis of several limiting situations for 
different spin-guide parameters. 

III. RESULTS 

A. A fully polarized magnetic region 

A most effective implementation of the spin-guide in- 
volves the use of a DMS with a very large Zeeman split- 
ting as the magnetic environment, so that the electrons in 
the magnetic material are fully spin-polarized. Clearly, 
spin-flip process in the magnetic region are precluded in 
this case. For deflniteness, let us assume that the mag- 
netic shell is not transparent for "spin-up" electrons, i.e. 
cmt — 0. 

We consider the case when the spin polarization of the 
current in the channel is high enough, i.e. the width 
of the non-magnetic channel w is less than the spin-flip 
length Xn. This situation is quite real; in particular, 
we note that since the spin-flip process is of relativistic 
origins it is characterized by a large spin-flip length in 
non-magnetic semiconductors, i.e. up to 100 /zmMiii. 
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For distances from the entrance short enough so that no 
spin-flip processes have occurred, the current /| wiU be 
conserved inside the channel (that is, it does not depend 
on x). On the other hand, the current of electrons with 
the opposite spin direction, will decrease exponentially 
with distance from the entrance into the channel, i.e. 
/| cx exp{—kix). 

According to Eq.® we have = 0, and fcj will de- 
pend on the ratio (JmiI'^n- Accordingly, for ctmx = ctv 
the damping factor = Tr/rf. If the conductivity of 
the magnetic shell is much higher than that of the non- 
magnetic channel, i.e. when umi » <7n, the damping 
factor takes the value fc| = min{7r/w, Tr/{d — w)}. Conse- 
quently, the spin polarization of the current at the chan- 
nel exit tends exponentially to unity with increasing L, 
that is 



1 



-k:L 



(7) 



Note that the difference between a and unity, which 
decreases for larger distances, is determined here only 
within a pre-exponential factor. 

We turn now to analysis of the role of spin-flip pro- 
cesses in the non- magnetic channel. Using Eqs.Q and 
@ we obtain 



k-^ = X 



N 



and 



1 



a 



w{5d — 2w) wd 



< 



X2 



< 1. 



(8) 



(9) 



Thus, the exponential decrease of 1 — a (recall Eq.©) 
is bounded below by the value given in Eq.@. Conse- 
quently, the spin polarization remains constant and suf- 
ficiently high for all distances away from the entrance. 
However, both the spin-up and spin-down currents J|_| 
will decay exponentially with the same damping factor k. 
The total current will decay as the spin-up electrons suc- 
ceed in leaving the non- magnetic channel due to spin-flip 
processes. 



B. A non-ideal magnetic region 

In this section, we discuss the situation when the mag- 
netic shell which surrounds the conducting non-magnetic 
channel is not fully polarized - in this case both spin-up 
and spin-down currents flow through the shell and spin- 
flip processes are possible. The coefficient of selective 
transparency of the magnetic shell is determined by the 
relation 



7 



< 1. 



(10) 



This parameter determines the upper bound value of 
the spin polarization a = (1 — 7)/(l + 7) in the spin-filter 



scheme. For simplicity, we will neglect in the following 
spin-flip processes in the non-magnetic channel. 

We consider first the case where we may neglect the 
spin-flip processes in the magnetic shell near the entrance 
to the spin-guide. Then, according to Eq.jSl, the spin 
polarization of the current in the channel will tend expo- 
nentially to the unity, 



1 



(11) 



Moreover, from Eqs. 1)11) |l and © we have k^ > kp 
As shown in the previous section, fc^^ ^ d, and for 
cmt <^N the spin-up current decays on a length-scale 
which is large compare to d, i.e. 



<7Nw{d — w) 



(12) 



Now we consider the role of spin-flip processes in the 
magnetic shell. As discussed above, the exponential de- 
crease of the currents J|,| (as a function of distance 
away from the channel entrance) occurring with the cor- 
responding damping factors fc|,|, will be changed due to 
the spin-flip processes in such a way that both the up 
and down components of the current will decrease with 
the same damping factor k. Assuming that the diffusion 
of the electrons to the grounded boundaries occurs with 
a faster rate than the spin-flip processes, i.e. that the 
condition Am ^ {d — w) is fulfilled, we obtain (to a first 
approximation) that the damping factor k is the same 
as k| determined from the Eq.©. The reason is that 
the overall damping rate is governed by that component 
which takes more time to reach the grounded boundaries. 
The spin polarization a which arises at such length-scale 
(measured from the channel entrance) can be found by 
matching the solutions of Eq. I^J and expanding them in 
terms of the small parameter. Thus, we obtain: 



2(1 -72)(fcAAf)2 \sink{d~w) 



k{d 



w 



(13) 



In conjunction with Eq.® for k = k^, Eq. H13|) deter- 
mines a high enough degree of the spin polarization: 

1-a « ^{d~w)yXlj{l~^') «l. 

We remark that this inequality will be violated if 7 is 
too close to the unity, i.e. in this case our expansion is 
inapplicable. 

In conclusion, we obtained that in the spin-guide 
scheme the spin polarization of the current may be prop- 
agated over arbitrarily long distances, in contrast to the 
spin-filter scheme where the transport length-scale is of 
the order of the diffusion spin-flip length A. There are 
additional essential differences between the two schemes. 
Unlike the spin-filter scheme, the spin polarization a in 
the spin-guide does not depend on the ratio (Jm]/o'n- 
Moreover, as may be seen from Eas. (|ll|) and the 
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degree of spin polarization in the non-magnetic channel 
can exceed significantly the degree of spin polarization in 
the magnetic material. 

In the case that Xm ^ d, a sufficiently high degree 
of spin polarization may be achieved when the condition 
j{d — w) « Xm is fulfilled, i.e. 



1 — a = 7 



tan k (d — w) 



2kX 



M 



d — w 
1— << I- 



A 



M 



(14) 



If the magnetic shell is too thick, i.e. when ^{d — 
w)/Xm ^ 1, then the spin polarization of the current 
will be low. 

As aforementioned, to increase the spin polarization 
one should decrease the width of magnetic region. To 
this end, the ballistic regime when {d — w) <C Imi, I't'^^ 
is most favorable. A calculation which goes beyond the 
framework of the diffusion approach yields in the ballistic 
limit the following result: 



1 



7- 



hil{d ~ w) 



X2 



In- 



Ml 



1) 



(15) 



The logarithmic factor in this formula reflects an en- 
hancement of the spin-fiip probability for electrons graz- 
ing along a magnetic layer. 



IV. SPECIFIC EFFECTS AND POSSIBLE 
EXPERIMENTAL REALIZATIONS 

In this section we consider some possible experimental 
schemes aiming at realization of the proposed transport 
phenomena, and at direct observation of the spin polar- 
ization of the current flowing in a spin-guide. 



A. Spin drag 

We begin with a discussion of an alternative scheme 
to the one discussed above, for obtaining the spin-guide 
effect on the polarization of the electric current. This al- 
ternative scheme is based on a new spin-drag effect that 
can be realized in a geometry of two semiconductor chan- 
nels separated by a magnetic interlayer (see Fig. |2J). 

Let a non-polarized current enter into the nonmagnetic 
(semiconductor) channel 1. In the case of a fully polar- 
ized magnetic interlayer a fully polarized current will ap- 
pear in the semiconductor channel 2 due to the spin-fllter 
effect, i.e. |a2| = 1. At the same time, a polarization ai 
will appear in the first channel due to the spin-guide ef- 
fect, and it's magnitude will depend on the relative width 
of the channels. If the thickness of the magnetic inter- 
layer is taken to be less than the values of wi, W2 and 
wi, W2 (where L is the channel length), we have 



ai 



W2 



W2 + 2wi 



(16) 




FIG. 2: The spin-drag scheme. The semiconducting non- 
magnetic (N) channels 1 and 2 are of widths wi and W2, 
respectively, respectively. The width of the magnetic (M) 
interlayer is (Im. 



The polarizations of the currents in channels 1 and 2 
are opposite to each other, and the total current in the 
two channels is non-polarized. It is of interest to note 
that if channel 2 is sufficiently wide such that Wi <C 
the polarized currents will be equally divided between the 
channels, i.e. an entirely polarized current J| = Jo/2 will 
appear in channel 1, with an equal value and opposite 
polarization to that in channel 2. In the derivation of 
Ea. (|16|) we have assumed that the potential applied at 
the exit of channel 2 is the same as that applied at the 
exit of channel 1 (the latter is determined in our model by 
the value of the current Jq). Varying the potential at the 
exit of channel 2, one can control the current polarization 
in the channels. 

In case that the magnetic interlayer is not fully 
polarized, but 7 ^ 1, the spin polarization deter- 
mined by Ea. l(T^ is conserved at distances L < R, 
where R = min{(ru;(Tjv/CTMt)^^^, Xn} and 
r — minjdM, Am, ^Mj}- Here we take into account 
the possibility that the propagation of the electrons in 
the magnetic interlayer is either diffusive or ballistic. If 
the magnetic interlayer is wider than the non-magnetic 
channels, i.e. dM > wi, W2, then the Sharvin resis- 
tances of the exit constrictions of the system should be 
used in the expressions for ai_2- 

The above considerations lead us to suggest the cre- 
ation of a fast switch of the spin polarized current, 
achieved by combining the spin drag scheme with electro- 
static gates at the exits of the channels one may switch 
the spin polarization of the current at a fast rate without 
switching the magnetization of the magnetic material. In 
the spin-filter scheme fast switching of the current spin 
polarization is unachievable even under the best condi- 
tions, i.e. when using DMS structures. This is because of 
the required applied high magnetic fields, and the com- 
paratively long relaxation times of the atomic magnetic 
moments. On the other hand, as mentioned above the 



direction of the spin polarization in the spin-guide is op- 
posite to that appearing in the spin - filter scheme at the 
same polarization of the magnetic material. Therefore, it 
may be possible to create an alternative switching scheme 
that combines the spin-filter and the spin- guide schemes 
with controllable electrostatic gates. 



B. Giant magnetoresistance and direct 
measurement of the current spin polarization 

In this section we discuss certain physical effects which 
could be utilized for the detection and measurement of 
the current spin polarization. 

A spin-guide consisting of a DMS magnetic shell should 
exhibit a giant magnetoresistance effect. The effect 
is associated with the decrease of the conductance in 
the channel (to an essentially vanishing value) upon 
switching-off of the magnetizing field; the reverse hap- 
pens when the magnetizing field is switched-on, i.e. a 
current appears in the channel. This is caused by the 
fact that the disappearance of all the nonequilibrium elec- 
trons at the grounded boundaries is faster then the rate 
of their arrival to the channel exit. This effect may re- 
sult in a most significant change of the resistance of the 
device with a magnetizing field, perhaps even larger then 
the the giant magnetoresistance effect measured in the 
spin-filter schemeiSiiS. 

If the ferromagnetic material which surrounds the non- 
magnetic channel in a spin- guide is not fully polarized, 
a giant magnetoresistance effect may be observed for the 
case of mutually opposite magnetizations of the upper 
and lower magnetic layers (see Fig.nj ) to avoid the resid- 
ual magnetization. If the upper and lower magnetic lay- 
ers have the same magnetization then there is a current 
at the channel exit, but if their magnetizations are oppo- 
site then the current will essentially vanish. Therefore, 
by changing the applied magnetic field we may change 
the resistance of the device. 

Another spin guide effect with may be observed by 
locking a non-magnetic channel far from the entry and 
exit by an electrostatic gate, as shown schematically in 
Fig. O In this case, the essential variation of the current 
indicates on the effectiveness of the spin guide. 

At last, in spin- guide with blocked channel and fully 
polarized magnetic shell one can measure the spin- 
polarization a directly: 



a 



I{B = Q) 



here I{B ^ 0), I{B = 0) are currents at exit of spin- 
guide at switched-on and switched-off magnetized mag- 
netic field correspondingly, both in case of locked gate. 

The spin polarization of the current in a spin-guide 
with a DMS shell can be measured directly by locking 
a non-magnetic channel far from the entry and exit by 
an electrostatic gate, as shown schematically in Fig. O 




FIG. 3: Scheme of the experiment with a locking of the non- 
magnetic channel in a spin guide. G is an electrostatic lock- 
ing gate, cLm and w are the widths of the magnetic (M) and 
non-magnetic (N) materials, the double hatching indicates the 
dielectric regions. 



In this case the relative change of the current 51 /I at 
locking of the channel is in direct proportion to the spin 
polarization, a, and to the ratio w/cIm, where cIm is the 
width of a magnetic layer (M). 



V. DISCUSSION 

The main operational principle of a spin-guide is the 
removal of one of the components of the spin current from 
the channel due to the selective transparency (with re- 
spect to the spin direction) of a magnetic shell. The spin 
polarization of the current increases with distance from 
the channel entrance until spin-flip processes become 
effective. Thus, in contrast to the spin-filter scheme, 
the spin polarization in a spin-guide can exceed signif- 
icantly the spin polarization of the current in the mag- 
netic material which surrounds the non-magnetic chan- 
nel. In general, a spin-guide may generate an almost 
fully (100%) spin-polarized current even if the magnetic 
material which is used is not fully polarized. Even a 
small difference between the spin-up and spin-down con- 
ductivities in the magnetic material (ctmt /f a/^ < 1 in 
our case) would lead to a depletion of the current states 
in the non-magnetic channel, with spin-down electrons 
being affected over shorter distances from the channel 
entrance than the spin-up electrons. In this case, the 
spin polarization will be determined by the difference of 
the quantities in the exponent of Ea.f [TT|l : consequently, 
the spin polarization of the current will tend to approach 
the limiting value (i.e. 100%) further into the channel. 

At this stage, certain issues pertaining to the operation 
of the proposed spin-guide scheme warrant comment. We 
begin by noting that though the spin polarization is ex- 
pected to remain high even when a non-ideal magnetic 
material is used, the total current in the channel will de- 
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crease with increasing channel length (see Eqs.lQJ, (13 
and (13). This occurs because both the spin- up and spin- 
down electrons can leave the channel and thus reach the 
grounded contact. In this context we note that there are 
ways to reduce significantly the loss of current, thus al- 
lowing its at transmission over a large distance. To this 
end one may wish to use an alternation of the grounded 
and ungrounded sections of the magnetic shell along the 
spin-guide. Alternatively, one may reduce the loss of to- 
tal current in the channel by creating tunnel barriers be- 
tween the non-magnetic channel and the magnetic shell; 
such barriers, however, will retard the exit of both elec- 
tron polarizations to the grounded boundaries. 

The polarizing ability of a spin-guide is limited only 
by the spin-flip processes. Here we should note, that the 
role of spin-flip processes both in a non-magnetic chan- 
nel and in the magnetic region of the spin-guide, differs 
in an essential way from the role of spin-flip processes 
in a spin- filter. First, let us consider spin-flip processes 
in the non-magnetic semiconductor only. In contrast 
to the spin-filter scheme, while spin-flip limits the spin- 
polarization in the spin-guide, it can not destroy it fully. 
Moreover, the spin polarization remains a constant and 
high enough, as follows from Eq.(|51), for arbitrarily large 
distance from the entrance. 

Next we consider the role of spin-flip in the magnetic 
shell of a spin-guide. Generally speaking, the exit of elec- 
trons with a spin "parallel" to that in the magnetic region 
(spin-down in our case), from the non- magnetic channel 
into the magnetic surroundings (as a result of their Brow- 
nian motion) is a harmless useful process. It is obvious 
that spin-flip scattering of these electrons will not re- 
duce the spin polarization in the non-magnetic channel. 
However, spin polarization will be reduced due to the 
exit from the channel of spin-up electrons. They could 
change the spin polarization due to spin-flip scattering 
in the magnetic region and, subsequently, they could re- 
turn back in the non-magnetic channel. The spin-flip 
probability could be decreased by reducing the width of 
the magnetic region; this method of bringing about a de- 
crease in the spin-flip probability is not possible for the 
spin-filter scheme. In fact if the magnetic shell width is 
less than Am the sources of nonequilibrium spin concen- 
tration at the entrance and the exit of the current in the 
magnetic region will mutually cancel each other, and the 
polarizing ability of the magnetic filter will decrease sig- 
nificantly, as observed experimentalljiiiiiS. Furthermore, 
the high conductivity of the magnetic material in the 
spin-guide scheme does not increase the spin-flip proba- 
bility because it speeds up the transport of electrons to 
the ground contact. Unlike the spin-filter scheme, spin 
polarization in the spin-guide, a, does not depend on the 
ratio omi/'^N']- We recall that the large ratio o'Mt/o'AfT 
, characteristic of the spin-filter "ferromagnetic metal- 
semiconductor" interface^i^iSii, is one of the main reasons 
for the low degree of spin polarization in this scheme^. If 
the spin-guide is used with tunnel barriers between the 
non-magnetic channel and the magnetic shell and with 



an additional applied voltage to the tunnel barrier, then 
the barriers act as additional filters. Those electrons that 
crossed the barriers and underwent an inelastic scattering 
in the magnetic shell are not capable to return back into 
the non-magnetic channel. Consequently, the spin-flip 
processes in the magnetic region will affect the current 
spin polarization in the channel to a lesser extent. 

Thus, there is a physical difference in the role of spin- 
flip between the two schemes. Spin-flip scattering in 
the magnetic shell of spin-guide leads mainly to a re- 
duction of the total current, while the spin polarization 
may change only by a small amount. The reverse situ- 
ation occurs in the spin-filter scheme, i.e. the spin-fiip 
processes maintain the total current as a constant but 
cause a significant reduction in the spin-polarization, as 
discussed in Section I. 

As evident from the above, the spin polarization of the 
current in a spin-guide depends significantly both on it's 
length and on the widths of the channel and the mag- 
netic shell. Hence, by varying these parameters it should 
be possible to readily change and control the degree of 
current polarization at the channel exit. In the following 
we provide some quantitative estimates concerning the 
degree of spin polarization that may be achieved in the 
spin-guide scheme. 

Among the most promising candidates for the mag- 
netic shell material in a spin-guide are II-VI-DMSc com- 
pounds (like a BcxMnyZni-x-ySe) or halfmetals where 
one of the spin subbands can be fully pinned. Assuming 
a non-magnetic channel with Aat = 1.5/im (a case that is 
far from being optimal), = 0.3/im and d — 0.4/im, we ob- 
tain according to the Eq.(|5J) a current spin polarization 
in the channel a = 100% (within a 1% accuracy) for an 
arbitrary distance from the entrance; the current ampli- 
tude will decay with Aat, according to Eq.(|5J). Even for 
DMS compounds which are not fully polarized, employed 
as the magnetic region, we can achieve a high spin polar- 
ization. For example, taking ZnQ g-jBeo.osSe as a NMS 
(non-magnetic semiconductor) channel material, in con- 
tact with a 45% polarized ZnQ,g,gBeQ,o^Mno,oeSe as a 
DMS shell with a spin-flip length A « 20nm, yields 
according to Eas. l|13|l and H14|l a 95% spin polarization 
for a width of the magnetic shell {d — w) ^ lOnm; for 
(rf — w) ~ 50nm we obtain a spin polarization a 17%. 

Finally, a very high degree of spin polarization of the 
current may be achieved even if a ferromagnetic metal 
shell (e.g., Ni , Fe or Py) is used in the spin-guide. Here 
one should employ thin ferromagnetic films with a thick- 
ness that is less than the diffusion spin-flip length Xm', 
this is feasible even when Xm is about several tens of 
nanometers. Thus, when the ballistic regime is reached 
in the magnetic region, f.e. Xm w 20nmi2ii2S, with 
7 « 0.6, d — w ~ 8nm and Xn ~ 1.5/im, one ob- 
tains from Ea. H15|) that a « 100%, within the accu- 
racy of the model. For rather thick fllm, such that the 
diffusion regime is reached, with d = 60nm, w — 0.7c?, 
Am = 20nm, we obtain from Eq.ljTSll a « 0.97%. 

From the above we conclude that the spin-guide 
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scheme works most effectively if both the widths of the 
non-magnetic channel and the magnetic shell are taken 
to be much less than the corresponding spin-flip length. 
In view of realistic spin-flip length scales, we suggest that 
nano-scale structures would be most appropriate for fab- 
rication of spin-guide devices; for example through the 
use of nanowires and layers of nano- widths dimensions. 

VI. SUMMARY 

In this paper a spin-guide has been proposed as a new 
type of source and a long-distance transmission medium 
of electric currents with a high degree of spin polariza- 
tion. We have shown that spin-guide enhances signifi- 
cantly the capabilities for generation and manipulation of 
spin-polarized currents. The main features of the spin- 
guide scheme which make it a most promising tool for 
creation and transport of spin-polarized currents in non- 
magnetic semiconductors, may be summarized as follows: 

(i) In a spin-guide, a permanent withdrawal of elec- 
trons of one spin polarization leads to an increase in the 
other spin polarization, thus allowing to achieve a high 
degree of spin-polarization of the current, considerably 
exceeding the degree polarization in the magnetic shell. 

(ii) The propagation length of a spin - polarized current 



in a non-magnetic channel of a spin-guide may exceed 
significantly the spin-flip length in the material. 

(iii) Spin-flip processes in the magnetic shell restrict 
the peak value of the spin polarization of the current in a 
spin-guide to a much lesser degree than in the spin-filter 
scheme. 

(iv) Through the use of the spin-drag scheme (or by 
combining the spin-guide and spin-filter schemes) with 
electrostatic gates on the channel exits, it may be pos- 
sible to control the spin polarization of the current and 
to switch it easily and promptly, without magnetization 
reversal of the magnetic shell. 

(v) A very large magneto-resistance effect is predicted 
to occur, which should allow direct sensing and measure- 
ment of presence and degree of spin polarization. 
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